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By Paul D. Ihgan, John J. Mahoney 
and  William A. Benser 

An investigation was conducted to study  the  influence of high 
relative  inlet Mach number on the  perfonnance of a highly  loaded 
blade row. Twenty-nine NACA 65-series  rotor blades,  designed for 
axfal inlet  velocity, were installed in a campressor  rotor  with  a 
tip  diameter of 14 inches and a hub-to-tip  diameter ra t io  of approxi- 
mately 0.8. Static and to-1 pressure, total  temperature, and flow- 
angle  surveys  were taken upstream  and  dawnstream  of  the rotor row 
to study  tbe  blade-row  performance and total-pressure  ratlo and 
efficiency. A range of weight flow was investigated for equivalent 
tip  speeds ranging frcm 300 to 915 feet per second, corresponding 
to a range of relative i n l e t  Mach number  of 0.30 to 0.90 at the 
mean rad ius. 

Above  a  relative inlet  Mach number of 0.70, the results at  the 
mean-radius  blade  aecticm  at  the  design angle of attaok,  indicated 
good correlation  between  the  turning angle of 19' for thie inveeti- 
gation and low-speed  cascade  reaults.  At lower relative  inlet Mach 
numbers, the  turning  angles for this  Investigation  were  approxi- 
mately lo lower than the  value of 19O predicted by law-speed  cascade 
runs. !Turning angles increased about lo es the  relative  lnlet Mach 
number  increased f ' ran 0.30 to 0.90 in accordance  with high-sped 
two-dimensional  cascade data. Three-dlmenslanal  effects  prevented 
the  occurrence of a  force-break  decrease h turning angle predicted 

fram 0.950 to 0,915 a8 the  relative  inlet Mach number  increased 
.from 0.30 to 0.82, but  at Mach  numbers  above 0.82 the  efficiency 
rapidly deorsased.  Therefore, the ideal  operating  candition for 
this  blade desi@ g a m  a total-pressure  ratio of 1.35, -an adiabatic 
efficiency of 0.915, and a  relative  inlet Mach number of 0.82. 

by  two-dimensional  resulta. The efficiency  gradually  decreased 

The calculated  performance values for  a  theoretical  complete 
stage, based cm a symmetrical  velocity  diagram  at  the mean radius, 
indicated a  total-preeaure  ratio of 1-44 uith an adiabatic 

UNCLASSIF1i:D 



2 I XACA IM No. E8B9 

efficiency of 0.886 at a relative  inlet  Mach  number of 0.80. A 
peak  total-pressure  ratio of 1.48 at a relative  inlet  Mach number 
of 0.86 was indicated. 

A hi@ pressure-ratio  per  stage  is  necessary  to  develop  compact 
axial-flaw  compressors  for  alrcraf't  appliczation. An analysis of the 
effect of basic  design  variables on the  performance of axial-flow 
compressors  (reference 1) Indicates  that  the  relative  inlet  Mach 
number of the  air  with  respect.to the blades ie an important  faotor 
in determining  the  optimum  pressure  ratio. High-stage pressure 
ratios,  achieved by increasing  the  relative  inlet  Mach  number 
beyond  the  present  limiting  value  (approximately 0.70), can  be 
realized only If the loss in efficiency  due  to  increased  relative 
inlet  Mach  number is not excessive. Two-dimensional  high-speed 
cascade resulte (reference 2) lead to  the  prediotion  that  the 
combination of high  blade loading and high  relative  inlet  Mach 
number  may  produce a &age pressure ratio of the  order of 1.4. 

In order to  study  the  possibility of utilizing the hlgh blade 
load- and high  relative  inlet  Mach  number  in  sxisl-flar  ccaapressors 
and to  study  the  applicability of two-dimeneioaal oascade data  to 
high-speed  rotating  compressors, a rotor blade row was deeigned and 
constructed  at  the NACA Langley  Field  laboratory and investigated  at 
the WACA Cleveland  laboratory. The blade row was designed on the 
basis of results of a atatlonary caecade inveetigation of NACA 
65-seriee  airfoile  (refyrences 2 to -4), had a tip  diameter of 
14 inohes with a hub-to-tip  diameter ratio of 0.8 at  the  entrance 
to  the  blades, and contained 29 blades  with a constant  solidity of 1.2. 

In this  investigation, t he  relative inlet Mach number at  the 
mean radius of the  blade.wae varied fram 0.30 to 0.30 over a range 
of weight  flows  at  rotor-tip  speeds varying from 300 to 915 feet  per 
second. From the results of these runs, the  effeots of relative 
inlet Mach number cm t h e  blade-row performance were  obtained and 
the  limiting  practical  value of relative  inlet  Mach  number  for  this 
blade design was determined. The rotor  perfomance  is  compared  with 
the  performsnce  predicted  by  two-dimensional cascade data. The 
total-pressure  ratios  and  efficiencies,  detennined from the  rotor 
runs, w e r e  used  to  predict  the  performance of a theoretical  axial- 
flow stage based on a symmetrical  velocity  diegram. 

.. 
CI 



.- 

IiACA RM No. E8D29 3 

cP 

g 

J 

M' 

H 

P 

r 

T 

u 
V 

V' 

W 

a 

P 

Y 

rlad 

8 

P 

The following eymbols are used herein: 

specific  heat  at  canstant pressure, Btu/(lb) (%) 

standard  acceleration  due to gravity; 32,174 (f%)/( eea) (sec) 

mechanical  equivalent of heat,  778.26 (ft-lbbtu) 

relative  inlet Mach number, ratio of  relative  inlet  velocity 
to local  velocity of sound 

rotor speed, (rpm) / 

absolute total preseure, (lb/sq ft) 

radius to blade element,  (ft ) 

total temperature, (OR) 

velocity  of blade at any radius r, (ft/eec) 

absolute  air velocity,  (ft/eec) 

air  velocity relative to rotor,  (ft/seo) 

weight flow, (lb/seO) 

equivalent  weight  flaw'  aorrected to FIACA standard sea-level 
cmditions, (lb/sec) 

angle of  attack, angle between blade  chord and entering  air 
velocity  relative to rotor, (des) 

stagger angle, angle  between ampressor a x i a  and air velocity 
relative to rotor, (deg) 

ratio of specific heat8,  (cp/ov) 1.3947 for normal air 

adiabatic  efficiency 

turning angle, angle between  entering and leaving  relative 
air velocities, (deg) 

density,  (lb/cu ft) 
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Subearipte: 

0 equivalent  veloaity  veotore baed  on ocamtant axial veloaity 
d- 

h hub 

t blade t i p  

2 axial 

9 tangential 

1 inlet measurixq etaticm 

Caanpreesor Bud- 

The rotor blade8 f o r  this inveetigatian were designed a t  the 
HACA Langley Field  laboratory cu the  baeie of two-dimenaicxx&l cae- 
oade data. The following deeign ~ssumptiana wewe made: 

1. NACA 65-series  rotor  blade8  with blade camber snd angle of 
attaak for optlmum preseuro d i s t r i b u t i o n  

2. Conetant =la1 ccmpcment and no whirl aompanent of Velootby 
a t  Inlet  

3. lo ohsnge in axial veloolty aorose blade roy 

4. Approximately camtaat energy addition from hub t o   t i p  

5. Relative M e t  Maah number of 0.72 with inlet etsgger eagle 
09 57.4O and turning angle of 1S0 at blade mean radiue 

6. 29 blades with oonstant solidity of 1.2 

7. Canstant t i p  diameter of 14 lriohes and hub-to-tip diameter 
ra t io  of 0.8 at Inlet t o  bladee 

These bladee were inetal led in the  rotor of a variable-empon"t 
compreeeor, which had a oosletant t i p  diameter of 14 iaahee and a hub 
dismeter that tapered from U.17 inahee at  the in le t  eurvey statim 



NACA R4 No. E8D29 - 5 

t o  11.55 inches a t  the outlet survey station. This hub taper wa8 
slightly  greater than that  required t o  maintain canstant axial 
velocity a c r o s ~  the blade row at design operating  conditions. The 
clearance between the blade t i p  and the caeing WBS 0.020 inch. 

Design values fo r  the root, mean, and t i p  blade sectiane are 
shown in the following table : 

T 

Stagger angle, (deg) 

'ktrning angle, (deg) 

Angle of attack, (dog) 
Relative inlet Mach 

number 
chord, (in.) 
Solidity 

Lade eection 
55- (14) 10 
b o t  radius 

54.3 

24.6- 

17.6 

-66 

1 . 460 
1.2 

55-(9.6)09 
ban radiue 

57 04 
19.0 

13.0 

. 72 
1.641 
1.2 

Pip radius  - 
60.0 

15.6, 
10.0' 

77 

1 . 822 

1.2 

Canpressor Inetallation 

The compressor inatallation is schematically shown in figure 1. 
In t h i s  installation, air waa drawn in fnvlm the t e s t  c e l l  through 
a 14-inch thin-plate  orifice, which was mounted 013. the end of an 
orifice tank, and flowed through a motor-operated inlet valve of 
the but te r f ly  tJrpe into a depreesion tank (4 f t  in  diameter by 
6 f t  in  length). The inlet valve controlled  the  tot81  preseure at 
the canpressor inlet. A aeries of acreens a n U  a 3-by-3-inch-vaned 
honeycomb in the depreeeim tank inmred Bmooth uniform flow through 
a bellmouthed inlet   into  the compreesor. The air disuharged fran 
a collector through two pipes Into the laboratory exhsuet aptem. 
A i r  flow was controlled by a motor-driven butterfly valve i n  the 
outlet ducting. 

Two 225-horsepower dynamcpnetere, coupled in tandem, were used 
t o  drive the rotor through a speed increaser with a ratio of 7.25:1; 
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A i r  -flow through  the CCXIIPI%SSO~ was calculated  from the  pressure 
drop  across  a standard thin-plate  orifice, mounted an the end of an 
orifice  tank, and the  teat-cell  temperature,  which was  measured by 
four iron-constantan  thermocouples. 

Temperature  measurements were taken in the  depression  tank by 
four  probes, each cantaining four  iron-constantan  thermocouples. 
These  probes  were  equally  spaced 8roun.d the  circumference of the 
depression tank and were 1/3 diameter from the tank wall. The 
velocity In this  tank xas sufficiently small that  the  temperatures 
measured  at this  station could be considered  etagnation  values. 
Because only ambient-air runs -re  made, the  heat  transfer waa 
negligible and no lagging was used. The observed  temperature ln 
the  depression tank was considered as the inlet total temperature. 

Pressure and yaw survey  station 1 was located 0.38 inch  upstream 
of the leading edge of the blade tip, and pressure and yaw survey 
station 2 was located 0.58 inch  downstream of the  trailing  edge of 
the  blade tip. A single  total-pressure survey probe (fig . 2) wae 
inetalled  at  each  station for the  purpose of m e a m r i n g  total pres- 
sure upstream and downstream of the  rotor.  Flaw-angle  meaeurements 
at  each  station  were obtained f’rcm a s l q l e  radial survey with  a 
claw-type  yaw  tube of the  type shown in figure 2. The static- 
pressure  survey  probes  used  at  statiane 1 snd 2 are  also shown in 
figure 2. Both atatic-preseure  probes  were  oriented in the direction 
of the flow by balancing  the preesuree obtained f r c m  separate  static- 
premure tape on each s i d e  of the instrument. All  pressures vere 
measured in inches of  tetrabranoethane a6 differentiale f m  the 
depression-tank  pressure.  Readings of total presmre,  static  pres- 
sure ,  and abeolute  air  angles were taken  at four radial poeitiane 
at  both atations 1 and 2. These radhl positims were  eelected a8 
the  centers of four  equal radial increments  acros8  the annulus. 

Outlet-total-temperature measurements were  obtained  at  the 
centers of four equal radial  increment6 by means of four  thermo- 
couple  rakes,  each having four probes, as illustratdd in flgure 2. 
The rakes were  located 3 inches downstream of the rotor-blade 
trailing  edge and were  lined  up  with the  direction of air f low 
within the permissible gaw angle as determined by calibration. 

Compressor speed waa controlled  electronically  within *O rpm 
and was frequently  checked  with a chronometric  taohcuneter. 
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Accuracy of Measurement 
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The estimated  accuracy of the method  of  measurement used in 
t h i s  investigation i S  88 f O l l W S :  

Pressure, percentage of dynamic head . . . . . . . . . . . . .  *l.O 
Absolute a i r  angles, degrees . . . . . . . . . . . . . . . . .  f0.3 
Inlet  temperature, 9 . . . . . . . . . . . . . . . . . . . .  f0.5 
Outlet temperature, OP . . . . . . . . . . . . . . . . . . . . .  f1.0 
Compressor  Rpeed, rpm . . . . . . . . . . . . . . . . . . .  f l O . O  

Outlet  total temperatures were insufficiently  accurate t o  permit 
the  determination of efficiencies by temperature r i s e  but  they were 
satisfactory for detemlning denelties and velocities at the  outlet 
of the  blade row. Canparison of the  integrated w e i g h t  flows upstream 
and downstream  of the  rotor with the orif  ioe-measured weight flow 
provided  a check an the accuracy of instrumentation. In general, 
these  integrated values of w e i g h t  flow upstrean and downstreem of 
the  rotor checked the orifice-messured  values withinf3.0  percent 
over the entire range of weight flow for  each t i p  speed except at  
extremely  high or law flows. 

PROCEDURE 

For this  investigation,  the  equivalent t i p  speed of the blade 
row was varied froan 300 t o  915 fee t  per second. The pressure in 
the  inlet  tank w88 maintained at 25 inches of mercury absolute at 
a l l  a i r  flows f o r  the range of t i p  s p e d 6  from 300 t o  736 feet pe r  
second. Eecause of the large pressure drop  through the inlet duoting 
at k i p  speeds above 736 feet  p e r  second, the  inlet  pressure st the 
higher speeds oould not be maintained 8t 25 inches of mercury absolute. 
The t i p  speeds of 765 t o  874 feet  per second were therefore run a t  
an inlet pressure of 24.0 inches of mercury absolute and the 915 fee t  
per secand run was Gonducted at 23.5 inches of mercury absolute. The 
range of Reynolas number, based on blade chord, for the run of 765 t o  
915 fee t  p e r  secmd wa8 437,000 t o  648,000, which is well above the 
critical value of 100,000 t o  200,000. The effeot of the change in 
in l e t  pressure at  the higher speeds was therefore omsidered t o  be 
negligible. 

A t  each t i p  speed investigated,  the  inlet  pressure w a s  held 
constant and the weight flow was varied by controlling  the  outlet 
p r e s e w .  For tip speeds fKxn 300 t o  835 fee t  per seoond, the flow 
wae varied frm an approximate maximum t o  blade s t a l l ,  as indicated 
by a negative slope of the  pressure-ratio curve. Four flow points 
in the range of desigu angle of attack were run at  t i p  speeds of 
674 and 915 feet per second. 
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The over-all  total-pressure  ratio  used in this  investigation  is 
the  pressure  ratio  that would be  obtained  with an isentropic  puwer 
input  to  the measured t o t a l  air  flaw equal to  the  actual  ieentropic 
power  input integrated over the flow  passage.  This  total-pressure 
ratio  is  calculated by m e a n s  of a mechanical  integration of the 
following equatim: 

." . ,  . . . . . " ," - . . . - - . . -. 

p2 
p1 
- =  

p2 %,2 3-2 dl- 

Tlie adiabatio  efficienoies referred to herein were  obtained  by 
dividkg the  integrated  potrer due to  isentropic  pressure  riee  by 
the  in.t;egrated  power due to  turning, as sham in the following equa- 
tim : r-1 

Mop 1;; 92 vz,2 r2 [@ - J dr 
V g d  - 9 

%,1 ~1 Ve,l dr 
2 

>. 
(2) 

The effiCiaOy  thus  CalCUlated WEE C~nsiderd to be 8CCUZTkte 
than the sdiabatic't~~rat~-rise efficiency bemuse in a single- 
stage axial-flow  cmpressor the temperature  rise is extremely mall 
and a slight  error in temperature  measurement  introduoes an appreciable 
error in efficienoy. 
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Blade-Sectim  Peeormanoe 
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Inasmuch as the hub taper of the  blade r o w  was sl ight ly  greater 
than that required for constant axial  velocity,  the  axial  velooity 
increased across the rotor  f o r  m o s t  operating  conditions. In order 
t o  permit  a comparison w i t h  two-dimmsiangl  cascade  data, a l l  turnlng 
angles and angles of attack w e r e  corrected t o  an equivalent diagram 
having constant  axial  velocity. This equivalent diagram was based 
on the recommendation of reference 3 and utilized measured components 
of whir l  velocity and the average of the  inlet  and outlet   axial  
velocity. The effects of boundary-layer  build-up on the  outer 
casing and the rotor-blade-tip cle&rance caused large gradients of 
velocity and flow angle in the , reg im of the  blade t i p  and excluded 
the  possibility of accurately evaluating blade-raw performance at 
this point.  Similarly, the boundsry layer and the hub taper 
eliminated  the  possibility of accurately  determining blade-row 
performance f o r  the hub section. All indivfdual blade-row  per- 
fozmance evaluatians a3-e therefore d r a m  on the ba6if3 of data inter- 
polated for the mean r a d i u s  position. 

Variation of turning ang;le with angle of attack. - Varying the 
weight flow IJ at a m e t a n t   r o t o r  speed X in axial-flow-ccaapressor 
investigations  results  in a variatfon of the angle of attack a as  
well as the  relative  inlet  Mach  number M' of the a i r  w i t h  respect 
t o  the  blades. Changes in angle of attack are accompanied  by equiva- 
lent changes in stagger angle B. In figure 3, the turning angle 8 
with respect  to  the blades 5s plotted against angle of attack  for the 
mean-radius blade section at the design t i p  speed of' 736 fee t  per 
second. For canparism,  the  curve of turning  angle against angle of 
attack obtained by interpolaticn of two-dimensional cascade data 
(references 3, 4, and unpublished data) for a eolidity of 1.2, a 
camber of  9.6,and stagger  angles determined by the  blade  settZng and 
angle of attack is shown 04 the same ffgure. Excellent agreement 
between the  equivalent  rotor data and cascade data exists in the 
region of design angle of attack, which is 13O for this blade 
section.  Cansiderable  deviation  exists a t  both  extremities of the 
range of angle of attack. This  deviation may be attributed t o  a 
cambination of two factors: (1) inadequacy of the use of the equiva- 
lent  d i a m  t o  correct f o r  increases in  axial  velocity st the 
extremes of the flow ranges where the axial velocity changes were 
greatest; and (2) radial-flar effects that were not considered in 
th i s  investigation. mue or measured turnlng angles are also shown 
on figure 3. This entire curve is more nearly  parallel t o  that 
predicted by two-dimensional cascade data  than is the equivalent 
turning-angle cwve.  In canparison  with  the  equivalent  turning-angle 
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curve,  the true turning-angle curve is displaced t o  the right because 
the angle of attack changes as the  axial-velocity  variation is taken 
into account. The turning angle for design angle of attack of 13O 
is, however, 1.5' higher  than  the  predioted angle of 19'. 'Phe 
relative  inlet Mach  number for the campressor-blade data was approxi- 
mately 0.70 88 compared with a value of 0.10 for the two-dimensional 
cascade data.  

JJffect of relative  inlet  Mach number on turniw anp;le. - In 
f i w e  4, the  equivalent turning angles 8, and the relative  inlet  
Mach numbers M' for a l l  equivalent t i p  speeds Ut /@- inpeeti- 
gated are plotted agalnet equivalent angle of attack %. A cram 
p l o t  of equivalent  turning angle f o r  deelgn an&e of attaok against 
relebtlve inlet  Mach  number (fig. 5) indicates a 10 increaee i n  
equiaalent turning angle a8 the relative inlet Mach number 1s 
increased from 0.30 t o  0.90. "his increase in equivalent  turning 
angle was also obeerved in  the Ugh-speed two-dimemional cascade 
data (reference 2). The equivalent turning angle obtained a t  low 
relative inlet Mach numbers are approximately 1' below the value 
of 19O predicted by low-speed caeoade r e s u l t s  (references 3 and 4). 
A t  relative inlet  Mach numbers of 0.70 and  above,  huwever, the 
equivalent turning a x l e  of 1 9 O  predicted by low-speed cascade 
results was obtained. Two-dimeneional cascade data also show that 
at  a constant angle of attack a force break, or shaxp decreaee in  
turning angle, occurs ae the relative inlet Mch number exceeds a 
certain value. The value of thie  force-break Mach number f o r  
design angle of attack  interpolated for a eolidity of 1.2 is given 
on figure 5 by the daehed  curve. The drop is equivalent  tuxning 
angle that would be expected above a relative inlet  Mach  number 
of 0.81 was not obtained in the rotor inveetigations. This devia- 
t lon from prediction8 may be attributed t o  three-dimeneionsl effecte. 
Design values of relative inlet  Mach number give a t i p  value that 
ie 0.05 greater than a t  the mean radius. Bemuse of alight dpvla- 
tione from design inlet  conditione and  beoauee of boundary-layer 
effects, however, the  extrapolated tip relative inlet Mach number 
is only 0.015 @?eater than the mean radius value for the flow giving 
design angle of attack at the mean radius.  Inamuch as the t i p  Mach 
number is greater =der actual operating conditione and adveree 
flaw conditione exist a t  the region of the t ip ,  force break will 
probably occur f i r s t  a t  the blade t i p ,  even  though the t i p  
c r i t i ca l  Maoh number will be slightly hl@er than the other blade- 
s e c t i a  critical Maoh numbers-because of the deurease i n  blade 
camber with increaeing  radiue. The oocurrmce of force break a t  
the blade t i p  would impose a flaw restriction in thie  region and 
cauee a radial flow tarsrds the canpressor hub. Axial-velooity 
distributions at the rotor inlet and outlet for weight flaws 
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approximating design  conditions at the mean radius and t i p  speeds 
from 736 t o  915 feet  per second (fig. 6) show that no appreciable 
change exists xith increasing speed in the  Inlet  velmity dis t r ibu-  
tion, which decreases f r o m  hub t o  t i p  because of hub curvature. 
The outlet-axial-velocity  distribution maintains a similar profile , 
through the  equivalent  tip-speed  range of 736 feet  per eecond t o  
835 fee t  per second. Above this t i p  speed, there is a decrease in 
axial  velocity at  the t i p  and a corresponding  increase i n  axial 
velocity over the remainder of the annulus.  Thie shift   in  velooity 
distribution  verifies  the  exlstence of an inward radial  flow at  a 
t i p  speed of 915 feet  per second. From the  principle of conserva- 
t i o n  of moment of momentum, any inward radial  flow w i l l  be 
accompanied by an increase i n  whirl  velocity  along a streamline. 
In addition, t h i s  hwgcrd flaw would-cause an inorease i n  axial 
velocity at the  inner radii, which would relieve the  adverse pres- 
sure  gradients  near the trailing edge rn the upper eurfaoe of the 
blade, and thue reduce the boundary layer and tendencies for  s e m -  
t ion near the  trail ing edge of the blade. The cambination of these 
effects probably  maintains  the  turn- angle at the mean radius even 
though the normal relative  inlet  Mach  number for  force  break ha6 been 
exceeded. 

Over-all Rotor Performance 

Total-pressure  ratio. - Total-pressure ratioe P&l, determined 
by equation (l), are plotted  against  corrected weight flow W @fi 
in  figure 7 .  The dashed curve indicates  the  condition of design 
angle of attack, based rn the  equivalent  velocity diagram, for  the 
mean radius  of the ro to r  blades. A t  the lower t i p  speeds *om 
300 fee t  per second t o  600 fee t  per second, the  total-pressure- 
ratio curves have a fairly a m t h  trend  over  the  entire weight-flow 
range, and design flow conditions ooour near  the marlmum total- 
pressure-ratio point6 on the  cu~ves. Higher-speed ourves indicate 
that the design flow conditions  occur at  the approximate center of 
the  effective weight-flow  range. In the low flow region of these 
total-pressure-ratio curves, a audden drop in  total-pressure  ratio 
with 8 subsequent  canstant total-pressure-ratio  trend  indicates 
blade s ta l l ,  and at the high flow end of these  curves a rapid 
decrease in total-pressure  ratio  indicates  the maxlmm flow limit. 
A t  the  equivalent t i p  s p e d  of 915 f ee t  per second, the flow break- 
down a t  the  blade t i p  cauees a large increase in  axial   velocity  at  
the mean radius, and the  application of the  equivalent  velocity 
d i a g r a  results in a reduced weight  flow f o r  design angle of attack 
a t  the mean- radius. 



Adiabatic  efficiency. - Adiabatic  efficiencies  for  all  equiva- 
lent tip  speeds are  plotted  against  corrected  weight flows i n  fig- 
ure 8 .  The design flow condition  at  the  mean  radiue  is  indicated 
by a bar on  each of the  effioiency  curves.  This  design  flow cm- 
dition  is  considerably  belaw the peak  efficiency of the  low-speed 
curves,  but as the  speed inmeasee  the  design flaw condition 
approaches  the  peak  efficiency  point of the  curves.  Ef'f'iciency 
curves  for  all of the  equivalent  t€p  speeds  except 300 feet  per 
s e c d  are characterized  by a near*  constant  efficiency  over an 
appreciable range of weight flows. At des ign epeed,  this  weight- 
flow range  corresponds to a variation in angle of attack  at  the 
m e a n  radiue from 3O above  to 4 O  below  the  desi- value. 

EfPect of relative  inlet  Mach  number on over-all performance. - 
In figure 9, the  variation in total-pressure  ratio and adiabatic 
efficiency  for  design gemetry of flow at  the mean radius  are  plotted 
again&  the  relative  inlet Mach number. The inflection  in  the  total- 
pressure-mtio  curve  at a relative  inlet  Mach  number of approximately 
0.82 may be partly caused by  the large decrease in adiabatic  efficiency 
at a high  relative  inlet  Mach  number and partly  caused  bg a flow break- 
darn  at  the  blade  tip  (fig. 6 ) .  The adiabatic  efficiency  gradually 
decreased from 0.950 to 0.915 as  the  relative  inlet  Mach  number 
increased f r o m  0.30 to 0.82. The limiting  relative Inlet Mach  number 
for this  desfgn  appears  to  be 0.82 for  at  relative  inlet  Mach  numbers 
above this value the  efficiency  decreased  very  rapidly.  At a relative 
inlet  Mach  number of 0.82, the  total-pressure  ratio m e  1.35 and the 
adiabatic  efficiency was 0.915. 

Theoretical Complete-Stage Performance 

AB shown in reference 1, a eynnnetrical velmity diagram for an 
axial-flow  stage  results in the maximum work  input for a given Mach 
number and blade-laading  limitation. If the veloaity  diagram for 
the mean radius of' thie rotor  (fig.  lO(a)) le oonverted  to a 
eymmetrical diagram for the complete etage (fig. 10(b)) having  the 
8ame velocities  and angles Kith  respect  to  the  rotor, a higher  rotor 
speed and corresptmdingly  greater  total-preseura  ratio can be 
obtained. The performance of a f u l l  stage  based m the  sgmmetrical 
d i m  was  therefore  calculated  by meane of the  method  outlined 
in reference 1 and  by  the  aseumption  that  the  polytropic  exponent 
of campression was the earns for t b  stator-blade row aa for the 
rotor-blade row. Tip  losees and effects of variation of conditione 
with  radius -re partly accounted  for  by  using  the  over-all effi- 
ciency  detemined In the rotor Investigation to obtain the variation 
of the  static  cct~npreseion expment with inlet Mach  number. No 
account was taken of the  total-preeeure loss Incurred in imparting 
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the  init ial   rotation to the air f o r  the symmetrical diagram case. 
The calculated  stage performsnoe values are approximate but they 
serve t o  indicate  the  anticipated stage performance over a range of 
inlet  Mach numbers if the variation of conditione fYoan hub t o  t i p  
is of the ~ a m e  order of maepitude 8s for the rotor deefgn reported. 

Calculated  values of totabpressure r a t i o  and adiabatic effi- 
ciency for the m p l e t e  stage are plotted  against relative inlet 
Mach  number in figure 11. For cosnparisan, the isentropic  total- 
pressure-ratio  variation w i t h  relative  inlet  Mach  number is also 
shown. A maximum t o t a l - p 1 - 8 ~ 8 ~ 1 ~  r a t io  of 1.48 is i n d i a t e d  for  
a relat ive  inlet  Mach  number of 0.86; a t  higher Mach numbers the 
losses are  sufficiently severe t o  of'feet the inoreased energy 
input, and a decrease in total-pressure  ratio is indicated. The 
practical  limitation of re lat ive  inlet  Mach number with regard t o  
efficiency and total-pressure r a t i o  appears t o  be approximately 0.80 
f o r  the ccmplete stage. This relative  inlet  Mach number gt-6 a 
total-preesure r a t io  of 1.44 and an adiabatic  efficlency of 0.886. 

This efficiency, which is conservative, seems low compared 
w i t h  current  single-stage compressors. A direot  canparison, hm- 
ever, should not be made between this predicted atage performance 
and that  of er is t ing axial-flow ccanpressm stages. A more correct 
comparism would  be between the  predicted performance and a two- 
or  three-stage oompressor of cmventional desi-. Because annulus 
losses,  tip-clearance losses, and re-entrance losses in multistage 
compressors &re appreciable,  the  efficiency of 0.886 indicated f o r  
a total-pressure r a t i o  of 1.44 would compare favorably with that 
expected frcan a multistage axial-flow cmpressor of conventional 
design for canparable  total-pressure ratio. 

Wan, the  Fnvestigation of the influence of high relative Mach 
number on the performanw of a highly loaded blade row reported 
herein, the following  result6 were obtained: 

1. In the  region of design angle of attack at the m e a n  radius, 
the turning  angle of 19' predicted by Low-speed cascade resul ts  wss 
obtained a t   r e l a t ive   i n l e t  Mach numbers  above 0.70. Below a relatfve 
inlet  Mach nmber a0 0.70, equivalent  turn- angles for this investi- 
gation were approximately lo lower t h m  the  predicted value of 19'. 
AI-I Increase in equivalent turn- angle of approximately lo occurred 
as the  relative  inlet Mach  number k=6 increased f r o m  0.30 t o  0.90 at 
design angle of attack, in accordance w i t h  the high-speed two- 
dimensional  cascade resulta. Three-d-Lmenaiorwl effects precluded 

.. 
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the  occurrenoe of the force break indioated by two-dimeneional 
investigatime. 

2. T2ze optimum performande of this blade design was a total- 
pressure ratio of 1.35 and an adiabatic  efficiency of 0.915 for a 
relative inlet Mach  number  of 0.82 at the mean radius of' the blade. 
A maxlmum eff3.cienoy of 0.950 for the d e s i g n  angle of attack was 
obtained at a relative  inlet  Mach number of 0.30; above a relative 
inlet  Mach number of 0.82 the ef'ficienoy rapidly  decreased. 

3.  Calculated performance values for a theoretical f u l l  et- 
baaed an a spmnetrical  velocity  diagram  indicated a total-pressure 
ratio of 1.44 and an adiabatio  efficiency of 0.086 at.a relative 
inlet Mach number of 0.80. The peak total-pressure ratio indicated 
was 1.48 at a relative Inlet Mach number of 0.86. 

Flight  Propulsion  Research  Laboratory, 
National Advisory Committee for Aeronautice, 
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Figure 2. - Inetruroelltation. 





NACA RM No. E8D29 

V " 

/ 
Stationary  cascadc 

I 

8 

4 
6 IO 14 t8 

Angle o f  attack, a, deg 

I 

I 
22 

Figure 3. - Variation o f  turning angle at mean radius with angle 
o f  attack for design t i p  speed of 736 feet  per second. Stationary 
cascade turning angles obtained by interpolation o f  data from 
references 3, 4, and unpubl ished data f o r  sol idity o f  I .2 and 
camber of 9.6.  
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Figure 4. - Varlatian of w l r l l s n t  turnlno anole and rclrtivr Inlet hch n m h r  w i t h  squlvalrnt mole of attack for wan-nd lvr  condltlonr, 
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Figure 5. - Variation of equivalent turning  angle 
w i t h  re la t ive  inlet Mach number f o r  mean-radius 
conditlons. Predicted force-break Mach number 
interpolated f o r  angle o f  a t t a c k  o f  13*, s t a g g e r  
angle  o f  57.4O, and sol  i d f t y  o f  1.2. 
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Figure 6 .  - I n l e t  and o u t l e t  axtat v e l o c i t y  dis- 
t r ibut ion  for   condi t ions  near   design flow. 
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Figure 7. - Variation o f  total-pressure ratio with corrected weight flaw. 
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+"- 
(a)  Diagram for  rotor  alone. 

(b) Symmetrical  diagram for complete stage. -337 
Figure 10. - Typical  vector  diagrams  for  constant  axial  velocity.  Velocity o f  

blade a t  an radius U. absolute a i r   v e l o c i t y  V; re la t ive  a i r  velocity V ;  
stagger anpys p; turnfng an Le 8;  subscripts:  Inlet measuring station I ;  out- 
l e t  measurrng stat ion 2; ax ? al  z. 
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R e l a t i v e   i n l e t  Mach number, M' 

F igure  I t .  - V a r i a t i o n  of t h e o r e t i c a l  
performance  values w i t h  r e l a t i v e   i n ? e t  
Mach number f o r  complete stage based on 
symmetrical v e l o c i t y  diagram and stagger  
ang le  o f  ~ 7 . 4 ~ .  
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